ABSTRACT
INTRODUCTION
Extracellular signals constitute a fundamental biological activity by which cells communicate with their environment by responding to changes in their external milieu. In higher eukaryotes, these signals are essential for the coordination of organ/organism function and are generally regulated through electrical and chemical networks that constitute the nervous and endocrine systems, respectively [1] . In the latter case, with the exception of lipid soluble messengers, e.g. steroids, the mechanism of transmission is through the activation of plasma membrane-bound receptors following specific binding of the signaling entities. These ligand-receptor complexes trigger a response by activating the intracellular domain of the receptor that is then propagated and amplified via signaling cascades of varying complexity [2] . The ultimate targets are usually transcription factors that are activated/deactivated, leading to modulations in gene expression. However, many intracellular proteins are affected by these transmission processes (positively or negatively) and contribute to other changes in cellular activity independent of the terminal nuclear events. The principal mechanism for the perpetration of these signaling events is via protein post-translational modification (PTM), i.e. the immediate signaling responses, as opposed to the long term changes, depend on the regulation of existing proteins [3, 4] .
The extracellular ligands are commonly, although not exclusively, soluble proteins and, in large part, consist of hormones and growth factors, that are exocytosed and act on the cells of origin (autocrine), neighboring, but different, cells (paracrine) and distant cells (endocrine); the means of transport for this last group being blood [5] . The different classes of receptors that recognize these entities use a variety of signaling mechanisms; chief among these is the induction of tyrosine phosphosphorylation. However, there are a far greater number of protein kinases with specificity for serine/threonine modifications in eukaryotic cells [6] and many of these are activated downstream by the various amplified signaling stimuli. Thus the overwhelming amount of the total protein phosphorylation events that result from external stimulation ultimately occur on serine and threonine residues, as reflected in the observed distribution of serine:threonine:tyrosine phosphorylations on cellular proteins [7] .
The receptor tyrosine kinase (RTK) family is one of the main groups of transmembrane receptors and consists of 19 different subfamilies collectively containing 58 members [6] .
Several have been extensively studied, such as those containing the receptors for insulin, EGF, the FGFs, PDGF and the neurotrophins and many have been directly connected to human disease. However, to date, there have only been a limited number of phosphoproteomic analyses of receptors of this type, and many of these have been focused on the early steps, i.e. tyrosine modifications (see, e.g., [8] ). These are known to occur very rapidly, generally peaking after only a couple of minutes following stimulation, and then rapidly falling off, whereas serine/threonine phosphorylations can persist for several hours, although these tend to peak at about 20 minutes following stimulation. Olsen et al. [9] have reported the only extensive analysis of RTK-initiated downstream modifications using the EGF receptor in HeLa cells; this study provided a list of 6600 phosphorylation sites (2244 proteins) in a kinetic study that covered the first 20 minutes after the addition of growth factor. Other studies have dissected aspects of the phosphorylation responses to insulin [10, 11] , PDGF [12] and the ephrin B1/ephrinB2 receptor interaction [13] . Similarly, analyses of oncogenic signaling in non-small cell lung cancer (NSCLC) [14] and with a modified FMS-like tyrosine kinase 3 (FLT3-ITD), a member of the PDGF receptor family [15] , have revealed aberrant modifications that presumably underlie abnormal signaling pathways and mechanisms.
Nerve growth factor (NGF) utilizes two types of receptors, P75 and TrkA, for its various functions, both in neural and non-neural tissues [16] . The former is a member of the TNF-receptor family and is activated not only by NGF but also the three other homologs that with NGF make up the neurotrophin family (BDNF and neurotrophins 3 and 4).
TrkA, along with the two other Trk receptors (B and C) that mediate the functions of the other NGF-related proteins, is a member of the RTK superfamily and activation by NGF binding induces a phosphorylation cascade that is associated with neurite proliferation and neural differentiation [17, 18] . However, no detailed analysis of the downstream TrkA stimulated phosphoproteome in an appropriate cell line has been reported.
In this study, a chimeric receptor composed of the ectodomain of the human PDGF receptor and the transmembrane and endodomain of the TrkA receptor from rat (the chimera is denoted PTR; Fig. 1A ) was stably transfected into PC12 cells [19] . Using this receptor it was possible to selectively stimulate TrkA signaling without activation of the p75 receptor, and thus allowed determination of the serine/threonine phosphoproteome specific to the TrkA receptor following 20 minutes of stimulation. Cells were labeled with heavy and light lysine/arginine residues (SILAC technique [20] ) to allow quantification of the changes observed and the results were also compared to the activation of another RTK.
EXPERIMENTAL PROCEDURES

Construction and stable transfection of PTR in PC12 cells
The construction of PTR from the extracellular domain of human PDGFR and the transmembrane and intracellular domains of rat TrkA has been described [19] .
Briefly, an EcoRIl/MseI restriction fragment containing the cDNA sequence for the human βPDGF-R extracellular domain fused to a cDNA sequence coding for the transmembrane and intracellular domains of rat Trk created by PCR was cloned into the retroviral vector pLEN. All PCR derived sequences were completely resequenced to exclude any PCR errors. Ecotrophic retroviruses were generated with the help of PA317 and GP+E-86 producer cell lines. The level of expression of PTR of the clone used in these studies was not directly measured but indirect measures of activity following stimulation indicated that the levels were comparable to native expression, based on comparison to clones that had been analyzed.
Cell culture and SILAC labeling PC12 cells, with or without the stably transfected chimeric receptor PTR, were grown in 15 cm Petri dishes in light medium containing Dulbecco's modified Eagle's medium (DMEM), 4.5 g/L glucose, 10% horse serum, 5% calf serum, 50 units/ml penicillinstreptomycin (100 U/ml and 100 µg/ml, respectively) and sodium pyruvate (0.11 mg/ml).
After starving the cells for 24 h, the cells were stimulated for 20 min with human PDGF (Austral Biologicals, San Ramon, CA) (50 µg/ml) and lysed in 10 ml of Trizol® reagent.
Proteins were purified according to the manufacturer's protocol and resuspended in 6 M guanidine.HCl. After centrifugation (5 min, 4°C at 14,000 x g), an aliquot of the supernatant was analyzed by the Bradford test to measure the concentration of protein in each sample. For SILAC, PC12 cells stably transfected with the chimeric receptor PTR were grown in DMEM medium deficient in normal arginine and lysine and supplemented with 10% dialyzed FBS (Hyclone®, Thermo Fisher Scientific, San Jose, CA), penicillinstreptomycin (100 U/ml and 100 µg/ml, respectively), sodium pyruvate (0.11 mg/ml), 200 mg/L L-proline (Thermo Fisher Scientific, San Jose, CA) and L-arginine- 13 were N-terminal acetylation, N-terminal glutamine conversion to pyroglutamate, methionine oxidation, and phosphorylation of serine, threonine or tyrosine residues. In the second search, the same parameters were employed but with heavy arginine and lysine residues considered as fixed modifications. The two searches were then merged into a single result file. The maximum expectation value allowed was set as 0.01 (protein) and 0.05 (peptide). At these thresholds the peptide false positive rate was estimated to be 0.5% for each SILAC experiment according to the concatenated database search results [24] ; the protein false positive rate was estimated to be 3.5%. As the proteins reported in this study are only those identified in both SILAC experiments, and the incorrect identifications are probably mainly identified in a single experiment, the actual FDR is likely to be lower than this estimate.
Quantification SILAC quantification measurements were extracted from the raw data by Search
Compare in Protein Prospector (http://prospector.ucsf.edu). Search Compare averaged together MS scans from -10 sec to +30 sec from the time at which the MS/MS spectrum was acquired in order to produce measurements averaged over the elution of the peptide.
Search
Compare calculates a noise level in the averaged spectrum. Only peaks with a signal to noise of greater than 10 are used in quantification measurements. If one of the SILAC pair is above this threshold and the other is below, then the ratio is reported with a > or < (see supplementary tables), indicating one value was below the noise level, so the ratio reported is a minimum estimate. If a phosphopeptide was identified from multiple MS/MS spectra, the median of the calculated SILAC ratios from all the replicate identifications of the same peptide was reported. These ratios were then corrected for differences in protein level using data from the non-phosphorylated peptides (where SILAC ratios should be 1:1). The protein ratio for practically all proteins was the same between samples, as twenty minutes of stimulation is not long enough to instigate measurable changes in protein expression levels. The average of the standard deviation of the ratios for each peptide was 0.08. Three times this standard deviation should include 99.7% of the data according to a Gaussian distribution, so a 1.8 fold difference should correspond to a significant change.
Phosphorylation site assignment
The reliability of phosphorylation site assignments was measured using the site localization in peptide (SLIP) score in Protein Prospector version 5.8 [25] . Briefly, the SLIP score is derived from determining the difference in expectation value for a peptide identification with a particular modification site assignment in comparison to the next highest scoring assignment to the same peptide with a different localization of the modification. Previous analyses of standard datasets acquired by ion trap CID fragmentation showed that the results reported with a SLIP score of 6 had a local false localization rate of 5% and that results with this score or higher were close to 99% correct in their site assignments.
Western blots
Twelve µg of PC12c, PTRu and PTRs (treated as described above) were separated on a 4%-20% tris-HCl ready gel (Biorad, Hercules, CA)) and transferred onto a PVDF membrane (Polyscreen®). The blocking step was performed using 5% BSA in TBS/0.5% tween 20 buffer for 1 h. The first antibody was used at 1/1000 dilution for 1h followed by 3 washes of 5 min in TBS/0.5% tween 20 buffer. The secondary antibody coupled to HRP (Biorad, Hercules, CA) was incubated for 30 min. After 3 washes of 5 min with TBS/0.5% tween 20, the substrate ECL-plus (GE Healthcare, Piscataway, NJ, USA) was added to the membrane and the detection performed.
Bioinformatics
Phosphorylation motif analysis: In order to determine candidate kinases that may be activated by TrkA stimulation, the frequency of occurrence of different kinase motifs within the phosphorylation sites identified as a whole and those that appeared to be regulated by receptor stimulation were characterized. The queried kinase motifs were from those reported in the HPRD phosphorylation database [26] and those previously queried in an EGF signaling proteomics study [9] .
For each motif, an enrichment factor was calculated, which corresponded to the frequency of detection of a particular motif in comparison to how often one would expect to find it at random in the database queried. The frequency of occurrence of different motifs in the database was measured using MS-Pattern [27] . This software is designed to search protein databases for occurrence of amino acid sequences (that can include unknown residues). Hence, it is able to report the number of occurrences of a given motif in the queried database. For the phosphorylation data in this study, rodent entries in
Uniprot from June 2010 were queried; for the EGF data [9] , occurrences of each motif in the human entries from the same Uniprot database were counted. The expected number of random identifications of a given motif was calculated by determining the fraction of all serines and/or threonines (depending on the motif) in the database that occurred within the given motif. This value was multiplied by the number of phosphopeptides identified.
For example, the motif PX[S/T]P occurred 45,172 times and there were 5,183,918 serines and threonines in these rodent protein entries. So, if 1633 phosphorylation sites were reported then the expected number to randomly contain this motif would be 14.2 (1633 x (45172/5183918)). In actual fact, this motif was observed 134 times in the 1633 phosphorylation sites, so the enrichment factor for this motif was 9.4 (134/14.2).
To determine whether differences between two enrichment factors were statistically significant a measure of accuracy/error for the enrichment factors was determined by splitting a motif into sub-motifs, then producing enrichment factors for each of these submotifs. For example, the motif PX[S/T]P was split into six sub-motifs where in each case the X could only correspond to one of six or seven amino acids. This allowed six measurements for the PX[S/T]P motif enrichment factor, from which a mean and variance could be reported. Significance of different enrichment factors was then calculated by a two-sample t-test (allowing for unequal variances).
Motif-x: motif-x (http://motif-x.med.harvard.edu/) parameters were set up as:
significance of 0.000001 with an occurrence of 30. The IPI rat database was used as background data. The sequences of all phosphopeptides were submitted that had at least 6 amino acids before and after the phosphorylation site.
GO annotation: The proteins were submitted to DAVID Bioinformatics Resources 6.7
[28] with their Uniprot accession numbers. The different categories of biological processes, cellular components and molecular functions were manually associated to each protein. The terms "metabolic", "signal", "transport", "morphogenesis", "cell cycle", "apoptosis", "mitosis", "meiosis" and "chrom" (for chromatin and chromosome) were queried for the biological processes associated to each protein; the terms "cytoplasm" and "cytosol" (joined in the same section), "nuclear", "plasma membrane", "mitochondria"
and "mitochondrion" (joined in the section "mitochondria"), "endoplasmic", "golgi", "cytoskeleton", "endoplasmic" and "ribo" (for ribosome and ribonucleoprotein) were queried for the cellular component; the terms "kinase activity", "phosphatase activity", "transcription activity", "acetyl transferase activity", deacetylase activity", "translation factor activity", "GTPase activator activity", "guanyl-nucleotide exchange factor activity" were queried for the molecular function associated to each protein.
STRING: The list of identified proteins were submitted using their Uniprot accession numbers from MOUSE to the STRING database [29] considering the combined score of experimental and database interactions. The confidence was set to medium (0.400). The results were visualized with Cytoscape v_2.7.0 attributing the ratio strength to the nodes.
RESULTS
Strategy: Definition of Samples
In this study, the phosphorylation changes present after 20 min of stimulation of the The activation of the PTR receptor with hPDGF-BB for 20 min induces a wide range of serine/threonine phosphorylations that can be monitored in part by using commercially available antibodies against specific phosphorylations. By western blotting (Fig. 3) , the phosphorylation of PLCγ (Y783), TrkA (Y490), AKT (T308 and S473), GSK3 α/β (S21/S9), ERK 1/2 (T202/Y204; T183/Y185) were shown to be up-regulated upon stimulation. The first measurements confirm the activation (autophosphorylation) of PTR and the downstream effectors PLCγ, AKT and ERK1/2, indicating that the adaptors dock correctly and lead to the activation of signaling pathways previously described for TrkA [18] . The PTRu sample shows a similar profile to PC12c but the over-expression of the PTR receptor, even before the activation by ligand addition, causes a higher background, as has been seen previously with other stably transfected chimeras in this cell type [30] .
Thus, the untransfected PC12 cells (PC12c) were used as the principal control and the data from the PTRu samples was only used to validate the reliability of the data. Analysis of the PTRu data showed that the log(ratios) presented a comparable profile to PC12c, with quantification measures generally somewhere between PC12c and PTRs results (Fig.S1) , suggesting a higher level of basal level of activation. Comparing the ratios for phosphorylation sites identified as regulated according to PC12c to PTRs differences with those observed in the PTRu sample there was a Pearson correlation coefficient of 0.56, indicating the results did generally agree, although there were minor differences.
The PC12c sample was chosen as a control to allow the measurement of a maximum of phosphorylation changes.
After enrichment, separation and analysis of the samples PC12c and PTRs, 3452 and 4315 unique phosphopeptides, respectively, at a false discovery rate of ~ 0.5% for peptides and ~ 3.5% for proteins, were identified. After merging these datasets, 2035
unique phosphopeptides from 806 proteins (listed in Table S1 ) were identified and quantified in both of these conditions (Fig. 4A) . The relative abundance of each phosphopeptide was quantified as the median of the area of its MS peak for each replicate compared to the ones identified in the heavy standard. The calculation and correction of the ratios were performed as indicated in the Experimental Procedures section. 
Validation of SILAC quantification
In order to validate the reliability of the SILAC methodology, the phosphorylations of GSK3α, ERK1 and ERK2 measured on western blots were compared to the relative changes found by mass spectrometry. (Fig. 3 ).
GO annotation: biological processes and cellular components
The biological processes (BP) and the cellular components (CC) of the phosphoproteins identified were characterized using DAVID Bioinformatics Resources 6.7 [28] and are given in Fig. 6 . Each protein was manually assigned using the gene ontology terms found in the DAVID database. Common phosphoproteins shared by both conditions (PC12c and PTRs) were mainly associated with metabolism (31%), signaling (14%) and transport (14%). Fig. 6B shows that the up-regulated phosphorylations targeted preferentially proteins that are part of the plasma membrane and cytoskeleton, whereas the downregulated phosphorylations were more frequently found associated with ribosomes and RNPs (ribonucleoproteins).
The phosphoproteome of PTR after 20 min ligand-induced stimulation 
Protein interaction network
In order to identify protein-protein networks regulated by a 20 min stimulation of PTR, the STRING database, which reports a combined score for several types of interaction between proteins, was utilized [29] . By visualizing the results with Cytoscape v_2.7.0, showing the interaction score and the relative change of the phosphorylation identified on these proteins, the data revealed two highly regulated sub networks (Fig. 9) . If more than one phosphorylation was identified for a protein, it was represented by only the highest change, and if the phosphorylations identified were up and down-regulated, both were reported. The first sub-network represents proteins from the spliceosome linked to several nuclear pore proteins. The second sub-network shows proteins related to cell morphogenesis, cell migration, axon guidance, cytoskeletal changes and neurite outgrowth, all processes associated with neurite proliferation that is the phenotypic response of PC12 cells stimulated by NGF (through TrkA activation) (See Fig 2) . The detection of several of these phosphorylations in the PTRu sample confirms the specificity of the response to the stimulation of the receptor and not to its overexpression.
DISCUSSION
Although the importance of protein phosphorylation as a regulatory modification has been known since the pioneering work of Krebs and Fischer [31] , it has taken the unbiased approaches of mass spectrometric analyses to appreciate the extent to which this modification occurs in eukaryotic cells, even at rest [9] . By using a variety of affinity capture techniques to enrich for phosphopeptides, typically hundreds to thousands of sites have been identified in single samples and in many cases these have been quantified to allow investigators to determine changes with time following a germane stimulus [32] .
There are a number of technical difficulties in identifying the phosphoesters of serine and threonine and there are even greater problems in ascertaining the correct site of modification in peptides where more than one possibility exists [33] . Nonetheless, there are growing catalogs (atlases) that clearly indicate that this modification is so extensive that it seems likely that the vast majority of intracellular proteins are probably modified either during a stimulus by a growth factor or other appropriate moiety or at the basal level. A great number of these occur at quite a low level (partial site occupancy) but modification of multiple sites on a single protein seems to be the norm rather than the exception. It remains a substantially unanswered questions in most paradigms studied to date as to how many of these phosphorylations are physiologically relevant (to either the resting cell or the stimulus response). Thus, it is clear that to understand signaling cascades, quantitative phosphoproteomic analyses are essential.
Phosphoproteomics on RTKs have been usually performed with the aim of identifying the phosphotyrosine proteome [34] [35] [36] . In general, the tyrosine-phosphorylated proteins were regulated. Direct measurements of protein levels for those found to be modified in this study were not performed, as it was considered unlikely that stimulation would alter protein levels to any significant extent over a 20 minute time frame.
Comparison with EGFR
The comparison to other RTK phosphoproteomes should allow a better understanding of the similarities and differences between the signaling pathways that they activate, leading to a specific effect on responsive cells. Olsen and coworkers [9] studied "the global in vivo phosphoproteome and its temporal dynamics upon growth-factor stimulation" of EGFR, another RTK. The serine/threonine phosphoproteome determined for TrkA has been compared to the EGFR data in terms of phosphorylation motifs identified ( progression while EGF tends to increase proliferation [37] . The phosphorylation of T14 of CDK1, which has been described as inhibiting the kinase activity [38, 39] , was downregulated upon stimulation, suggesting that this kinase is regulated by TrkA, but the motif KRXX[pS/pT], recognized by CDK1, seems to be slightly down-regulated, showing the importance of cell cycle regulation.
In comparing the TrkA phosphorylations to those reported for EGFR [9] , it is important to note that two different cell lines (PC12 and HeLa) and two different species (rat and human) were used. Furthermore, both are transformed cell lines and may have alterations in their expressed proteins that would not be manifested in 'normal' or primary cell lines from these species. Indeed, the levels of phosphorylation may be elevated in both studies as well (due to their transformed state) although phosphoproteome analyses of native cells indicate that even basal levels of protein phosphorylation are extensive [40] [41] [42] .
Nonetheless, there is clearly, even at this level of comparison, a considerable degree of similarity that is not inconsistent with the view that RTK signaling is generally overlapping. It is well known, for example, that when activated, the Trks and FGFRs cause the differentiation of PC12 cells, and that the EGFR receptor, if over expressed, will also have the same effect [43] . Thus all three of these RTKs induce the pathways necessary for this biological response.
TrkA signaling pathways
The main signaling pathways activated by NGF are well known, but there are clearly additional potential entities involved that can be identified by large-scale phosphoproteomic studies. The use of a chimeric receptor also provides information about the contributions of specific NGF receptors (TrkA and/or p75) that control the regulation/modification of these proteins. Fig. 10 shows a representative scheme of the main signaling pathways activated by the TrkA receptor as previously described [18, 44, 45] . Each protein identified in the present study is depicted in grey with the phosphorylation site associated (the sites represented are from rat protein sequences). If the peptide is multiply phosphorylated, it is represented by residue numbers separated by a forward slash (e.g. 337/340); if the site could not be confirmed, it is represented by residue numbers separated by hyphens (e.g. 34-35-36) . The data reported herein confirm the involvement of several proteins, such as Gab-1/2, caspase 9, GSk3α/β, RAPTOR, elF4G, Bcl2-antagonist of cell death (BAD) in the PI3K/AKT pathway; MAP3K3, ERK1/2, P90RSK in the MAPK pathways and Rap-1 and B-raf. Some phosphorylations were observed to be down-regulated upon the stimulation of the receptor, e.g. BAD,
4EBP1 and B-raf. Interestingly, the 2 sites on BAD contain the kinase motif RXRXXS/T that corresponds to sites described as substrates for AKT [46] . The major phosphorylation sites on PI3K, PDK1 and AKT that would confirm their activation were not observed but the up-regulation of phosphorylations on several proteins downstream of these kinases, such as caspase 9, GSK3α and elF4G suggest that they were activated.
Moreover, the western blotting (Fig 3) showed that the T308 and S473 of AKT were upregulated.
The phosphorylation on Y279/216 on GSK3α/β, described as necessary for the activation of the kinase [47, 48] , does not change upon stimulation, contrary to the site on S9/S21
(inhibitory site). This confirms that GSK3 α/β is inactivated by NGF (after 20 min) as has been previously shown [49] . However, in contrast to those findings, in which they
show that this effect is due to p75, the data reported herein suggests that at least part of this signal is due to TrkA activation as well.
The doubly phosphorylated peptides on ERK1 (T202/Y204) and ERK2 (T183/Y185) are up-regulated after stimulation. These sites have been described as necessary for the activation of these two kinases and they have already been shown to be up-regulated upon stimulation of the TrkA receptor by NGF [50] . The diphosphopeptides (T179/Y185 on ERK2), or the singly phosphorylated peptides (Y204 and Y185 for ERK1 and ERK2, respectively) were up-regulated as well, which shows the importance of these two kinases in the signaling pathway of the TrkA receptor and the variable kinetics for the different phosphorylations.
Regulation of cytoskeleton and spliceosome
The GO annotation analysis revealed some differences between the up-regulated and the down-regulated phosphoproteins. Proteins associated with the plasma membrane and the cytoskeleton were more represented in the first category. This is consistent with a receptor stimulation that involves transmission of signal from the plasma membrane to the cell interior. For example, phosphorylations on GAPs and GEFs, which are highly regulated, finely modulate the signal by switching on and off the various signaling entities. The involvement of proteins related to cytoskeleton is also consistent with the TrkA-induced differentiation. The formation of neurites requires some morphogenic changes and protein transport into the new extensions is a function of the cytoskeleton.
Some of these proteins, gathered into a subnetwork, have already been associated with the regulation of the actin cytoskeleton and cell shape (Fgd1), cell migration (Arhgef7), cell motility and polarization, dendritic spine morphology (arhgef2), axonal branching, synapse formation and dendritic morphogenesis (Rgnef) or lamellipodia formation (ARHGAP22), organization of cell structure (Cortactin), remodeling of the actin cytoskeleton (Myo9b) or developmental neurite growth regulatory factor (reticulon 4).
Another interesting observation was the high level of down-regulation of phosphorylation on ribonucleoproteins (RNPs) combined with up-regulation of phosphorylation of nuclear proteins, suggesting an important role of the spliceosome in this response. The spliceosome is a complex containing up to 300 distinct proteins, although half of these are factors only temporarily associated with the complex [51] . It is formed from several ribonucleoprotein subunits, termed uridine-rich small nuclear ribonucleoproteins that are assembled in the cytoplasm before being imported into the nucleus, where they are active. As such, the transport through nuclear pores is a prerequisite for the assembly and the function of the spliceosome. Both phosphorylation and dephosphorylation regulate the different steps of the splicing process [52] [53] [54] [55] [56] [57] [58] [59] . For example, the phosphorylation of the spliceosomal RNA helicase PRP28 by SRPK2 is required for the spliceosome assembly [52] . Moreover, Shi et al [58] showed that dephosphorylation of spliceosome components by phosphatases PP1 and PP2A facilitates essential structural rearrangements in the complex during the splicing process. Inhibitors of these 2 phosphatases block catalytic steps of splicing without affecting the assembly [53] . In this study, SRPK2 kinase and protein phosphatase 1 regulatory subunit 12A present a phosphorylation up-regulation of 5 fold and approximately 30 fold, respectively, after stimulation, supporting the involvement of the spliceosome in the signaling pathways. In eukaryotic cells, regulation of protein expression in response to intracellular and extracellular signals can be performed at the transcriptional level but also at the posttranscriptional stage, notably during the splicing of pre-mRNA. This step is essential for the splicing, the exportation, the turnover, the silencing and the localization of RNA (reviewed in [60] ).
Many of the regulated spliceosome components identified in our study such as SRSF5 are involved in alternative splicing [61] ; i.e. determining which splice sites are chosen, and are known to be regulated by phosphorylation, although the mechanisms are not well understood. The phosphorylation of the spliceosome components identified in this study could play a role in the cell cycle. Indeed, it has been demonstrated that the phosphorylation of SRp38, a splicing regulator, changes at the beginning of mitosis [62] .
Both up-regulated and/or down-regulated phosphorylations were observed in each of these sub-networks suggesting the equal importance of the appearance/disappearance of phosphorylation modifications.
Involvement of other post-translational modifications
Other post-translational modifications seem to interface in the signaling of the PTR receptor. Two acetyltransferases (mgea5 and MED24) displayed increased phosphorylation upon stimulation and three deacetylases show up-regulated phosphorylation (Mta2) and down-regulated phosphorylations (HDAC1 and 2). Lysine acetylation is a reversible modification that plays a crucial role in regulation gene expression through the acetylation of histones but has been more recently associated with a large variety of biological processes, cellular component and molecular function [63, 64] . More particularly, acetylation has been identified on proteins related to RNA splicing, DNA damage repair, cell cycle, nuclear transport, actin cytoskeleton, chaperones and ribosomes [63] . TrkA is also attractive as a model for further dissecting its signaling potential because it putatively uses only two main docking sites on its intracellular domain (Y490 and Y785)
to perpetrate its downstream signals [18] . Phosphoproteomic analyses of mutant receptors in which these sites have been altered will therefore allow a more exact delineation of RTK signaling in terms of various pathways affected. 
